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The tetracycline-based Tet-Off expression system has been used to analyze the effects of poliovirus protease 3Cpro on
human cells. Stable HeLa cell clones that express this poliovirus protease under the control of an inducible, tightly regulated
promoter were obtained. Tetracycline removal induces synthesis of 3C protease, followed by drastic morphological
alterations and cellular death. Degradation of cellular DNA in nucleosomes and generation of apoptotic bodies are observed
from the second day after 3Cpro induction. The cleavage of poly(ADP-ribose) polymerase, an enzyme involved in DNA repair,
occurs after induction of 3Cpro, indicating caspase activation by this poliovirus protease. The 3Cpro-induced apoptosis is
blocked by the caspase inhibitor z-VAD-fmk. Our findings suggest that the protease 3C is responsible for triggering apoptosis
in poliovirus-infected cells by a mechanism that involves caspase activation. © 2000 Academic Press
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Two major and distinct modes of eukaryotic cell death
are known: apoptosis and necrosis (Ellis et al., 1991). A
number of harmful conditions, such as hyperthermia,
hypoxia, etc., perturb the plasma membrane, leading to
cell necrosis. Cell swelling, followed by lysis, is charac-
teristic of necrosis, a process that does not require de
novo gene expression (Ellis et al., 1991). In contrast,
apoptosis, or programmed cell death, is a genetically
controlled process which is required to maintain the
integrity and homeostasis of multicellular organisms
(Nagata, 1997; Jacobson et al., 1997). Programmed cel-
ular suicide eliminates cells during development or dur-
ng the continuous generation of the immune repertoire
Schwartz, 1991; Golstein et al., 1991). Apoptosis is also
riggered in pathological situations, such as after radia-
ion damage, viral infection, or aberrant oncogenic
rowth. Although apoptosis can be induced by a variety
f factors, it follows a standard set of biochemical and
orphological alterations (Salvesen and Dixit, 1997).
oth the biochemical basis and the regulation of this
ode of cellular suicide have been unveiled over the
ast few years (Thornberry and Lazebnik, 1998; Evan and
ittlewood, 1998). As a result, many of the molecules
nvolved in this highly ordered process have been iden-
ified and the elucidation of their mode of action is the
bject of intensive research. Nevertheless, there is in-
reasing evidence that apoptosis and necrosis are reg-
lated by several common biochemical pathways, thus
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35epresenting the extreme ends of a wide range of poten-
ial processes that lead to cell death (McConkey, 1998;
icotera et al., 1998).
Lysis and death of cells during virus infection facili-
tates release of the virus progeny (Carrasco, 1995). How-
ever, premature induction of cell death upon virus infec-
tion would severely limit virus production, reducing the
spread of progeny viruses in the host (Teodoro and
Branton, 1997; Lee et al., 1993). Therefore, the degree of
host cell lysis and death should be controlled in a timely
manner (Fields and Knipe, 1993; Carrasco, 1995). Some
viruses have evolved strategies to evade or delay apo-
ptosis early during infection, in order to avoid an abortive
replicative cycle. These viruses encode proteins which
suppress or delay apoptosis to provide sufficient time for
the production of high yields of progeny viruses (Teodoro
and Branton, 1997; O’Brien, 1998). In contrast, other vi-
ruses have developed specific mechanisms to kill cells
utilizing, in some cases, preexisting cellular processes
such as apoptosis. An increasing number of viruses is
known to induce apoptosis in an active fashion at late
stages of infection (Teodoro and Branton, 1997; O’Brien,
1998). Several picornaviruses, including poliovirus, cox-
sackievirus, and Theiler’s virus, are able to kill cells by
apoptosis in a variety of situations (Tolskaya et al., 1995,
1996; Tsunoda et al., 1997; Castelli et al., 1997; Carthy et
l., 1998; Ghadge et al., 1998). This process may provide
n efficient way to help virus spread to neighboring cells,
o protect progeny viruses from host immune defenses,
nd to avoid an inflammatory response (Teodoro and
ranton, 1997; O’Brien, 1998). Virus-induced apoptosis
ould play a key role in the cytotoxicity associated with
everal human diseases of viral origin (Rudin and
hompson, 1997). A variety of viruses affect the balance
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353POLIOVIRUS 3C INDUCES APOPTOSISbetween apoptosis-inducing and apoptosis-suppressing
functions in the infected cells (Teodoro and Branton,
1997). In some cases, as with adenoviruses, they encode
separate activities that either trigger or prevent the de-
velopment of apoptosis (Debbas and White, 1998; Mar-
cellus et al., 1996). Notably, poliovirus may encode both
activities in its small RNA genome. Thus, inhibition of
poliovirus replication in HeLa-B cells using guanidine-
sensitive, guanidine-dependent, or temperature-sensi-
tive mutants produces a typical apoptotic response (Tols-
kaya et al., 1995). Curiously, poliovirus also encodes an
activity that suppresses apoptosis triggered by its own
infection or by treatment of cells with inhibitors, such as
cycloheximide or actinomycin D (Tolskaya et al., 1995).
Recently two types of death of poliovirus-infected cells
have been described. Apoptosis takes place when po-
liovirus infection is restricted, while regular cytopathic
effect is observed under permissive conditions even in
the presence of apoptosis inhibitors (Agol et al., 1998).
he molecular mechanisms underlying these phenom-
na, as well as the proteins responsible for them, remain
nknown.
A conditional expression system (Gossen and Bujard,
992) has been employed in this work to isolate stable
eLa cell clones bearing putative cytotoxic genes. This
ystem allowed us to obtain stable cell clones that syn-
hesize the poliovirus protease 3Cpro in a regulatable
manner. Expression of this protease in HeLa cells in-
duces cell death.
RESULTS
Isolation of stable HeLa cell clones that inducibly
synthesize poliovirus proteases 3Cpro
The artificial transcriptional regulatory system devel-
oped by Gossen and Bujard (1992) is being employed by
our group to obtain cell lines that individually express the
different poliovirus nonstructural proteins, including the
two virus-encoded proteases. The presence of tetracy-
cline (tet) in the culture medium prevents binding of a
chimeric transactivator (tetracycline-responsive tran-
scriptional activator or tTA) to a synthetic promoter, while
tet removal induces transcription of the gene placed
under the control of this promoter within a few hours. In
preliminary experiments, transient transfection of the cell
line HeLa Tet-Off (Clontech) with pTRE.3C, which en-
codes poliovirus 3Cpro, led to expression of this protease,
when assayed 48 h after transfection in the absence of
tet (results not shown). Isolation of stably transformed
cell lines expressing this protease was then carried out,
in order to analyze in detail its effects on cell functions.
To this end, HeLa Tet-Off cells were cotransfected with
pTRE.3C plus pTK-Hyg as indicated under Materials and
Methods. After selection and cell cloning, 23 hygromy-
cin-resistant cell clones were screened for conditional
expression of 3Cpro. Four positive clones for 3Cpro were
a
aisolated. These clones displayed highly regulated ex-
pression of the protease as shown by Western blot anal-
ysis with specific antibodies (results not shown). In order
to improve this regulated expression and to ensure that
almost 100% of the cells express the protease of interest,
some of the positive clones were further subcloned by
limiting dilution. No differences were found between the
parental clone and these subclones, such that the level
of 3Cpro synthesis and the kinetics of cell death were
similar (results not shown). Thus, in subsequent experi-
ments we used the subclone named 3C7 which synthe-
sizes 3Cpro. A highly regulated expression of this pro-
tease was observed by Western blot analysis. 3Cpro was
detected 24 h postinduction using specific antibodies
against this protein (Fig. 1A). The terms 3C7-On and
3C7-Off designate induced or uninduced 3C7 cells, re-
spectively. Plasmid pT7.2C3AB, encoding a portion of
poliovirus polyprotein bearing two 3C-cleavage sites,
has been used as a control to show the activity of the
3Cpro generated in this system. For that purpose the
plasmid was transfected after induction of 3Cpro, and the
generation of native 2C was assayed (Fig. 1B). Only the
precursor 2C3AB is detected in 3C7-Off cells while the
generation of mature 2C appears upon induction in
3C7-On cells.
Morphological alterations induced by poliovirus
proteases
A number of alterations in cellular morphology are
apparent upon induction of poliovirus 3Cpro in all positive
clones. The loss of cell adherence starts later than 48 h
postinduction, such that most of the 3C7 cells appear
floating in the culture medium by the third day of tet
removal (Fig. 1C).
To analyze in detail the ultrastructural modifications in
3C7-On cells, they were examined by transmission elec-
tron microscopy at different times postinduction. Expres-
sion of poliovirus 3Cpro induces changes in both the
cytoplasm and the nucleus similar to those described for
apoptotic cells (Williams et al., 1992; Martin, 1993; Earn-
shaw, 1995). These modifications include extensive con-
densation of chromatin and nuclear fragmentation at late
stages, leading to the formation of apoptotic bodies (see
arrows in Fig. 2).
Genome fragmentation in 3C7-On cells
To examine the apoptotic phenotype of 3C7-On cells
and to determine the effects of the poliovirus protease on
the cell cycle, 3C7 cells were analyzed by flow cytometry
(Lamm et al., 1997). Expression of poliovirus 3Cpro clearly
nduces cell death by apoptosis (Fig. 3). The character-
stic peak located above the G1 position corresponds to
poptotic cells. The apoptotic peak increased rapidly
fter 44 h of induction (Fig. 3). In summary, morphological
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and 72). 3C-Off, uninduced 3C7 cells. The times postinduction are
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354 BARCO, FEDUCHI, AND CARRASCOand flow cytometric analyses indicate that 3C7-On cells
undergo an apoptotic response.
To further demonstrate that programmed cell death
occurs in 3C7-On cells, internucleosomal DNA fragmen-
tation was assayed (Enari et al., 1998; Compton, 1992).
3C7 cells were harvested at different times postinduction
and processed as indicated under Materials and Meth-
ods. The extracted DNA was analyzed by agarose gel
electrophoresis. The characteristic nucleosomal ladder
appears in 3C7 cells 2 days after induction (Fig. 4A).
DNA fragmentation was also examined using another
technique. To this purpose, 3C7 cells were grown for
different times postinduction on Lab Tek chamber slides
and fixed with formaldehyde and the terminal deoxynu-
cleotidyl-transferase-mediated dUTP nick-end labeling
(TUNEL) assay was carried out. In addition, 3C7 cells
were stained with DAPI, a fluorescent DNA interchalat-
ing agent that stains nuclei. As a positive control of
apoptosis, 3C7-Off cells were treated with actinomycin
D, a transcription inhibitor that provokes a typical apop-
totic reaction in HeLa cells (Tolskaya et al., 1995). Anal-
ysis of 3C7-On cells under a fluorescence microscope
confirmed the results obtained by agarose gel electro-
phoresis of the DNA. Thus, 3C7-Off cells labeled with
DAPI clearly showed delimited nuclei (Fig. 4B, OFF,
DAPI). No staining of these cells by TUNEL was ob-
served (OFF, TUNEL), suggesting that no DNA fragmen-
tation occurred in uninduced 3C7 cells. As a positive
control, 3C7-Off cells treated with 2 mg/ml actinomycin D
howed nuclear labeling and fragmentation as tested by
UNEL (ActD, TUNEL) and DAPI staining (ActD, DAPI).
nternucleosomal DNA fragmentation and generation of
poptotic bodies is already apparent after 2 days of 3Cpro
expression (Fig. 4B). TUNEL staining (ON72, TUNEL), as
well as nuclear fragmentation evidenced by DAPI stain-
ing (ON72, DAPI) increased after 72 h of induction.
Therefore, DNA and nuclear fragmentation occurs in
3C7-On cells from the second day of induction.
Caspase activation and caspase inhibitors in 3C7
cells
In recent years, many of the molecules that participate
in the highly ordered process of apoptotic cell suicide
have been unveiled (Nicholson and Thornberry, 1997;
Thornberry and Lazebnik, 1998; Ashkenazi and Dixit,
1998). The family of cysteine proteases known as
caspases plays an essential role in apoptosis (Salvesen
and Dixit, 1997; Nicholson and Thornberry, 1997; Green
and Kroemer, 1998). Caspases cleave several key struc-
tural cellular components, leading to the systematic and
orderly disassembly of the dying cell. One of the best
characterized caspase substrates is the poly(ADP-ri-
bose) polymerase (PARP), a nuclear protein involved inFIG. 1. Expression of poliovirus 3Cpro in a stable HeLa cell clone. (A)
Poliovirus 3Cpro expression in 3C7 cells. Extracts from 3C7 cells were
obtained at different times (hours) postinduction and analyzed by West-
ern blotting using a specific antiserum against this protease. HeLa
cells infected (1) or mock-infected (2) with poliovirus were used as
controls. The same amount of total protein was loaded in each lane, in
order to compare the levels of 3Cpro made in poliovirus-infected cells
nd in 3C-On cells. The positions of 3Cpro and related polypeptides
(3CD, 3C9) from poliovirus-infected cell extracts are indicated. (B) Ac-
tivity of 3Cpro. 3C-On or 3C-Off cells were transfected with plasmid
pT7.2C3AB as indicated under Materials and Methods. After 24 h of
transfection samples were collected and immunoblotted against an
anti-2C antibody (Rodrı´guez and Carrasco, 1995). (C) Morphological
alterations upon 3Cpro expression in HeLa cells. 3C7 cells were in-
uced to synthesize the protease by tet removal. Cells were observed
y phase-contrast microscopy at the times indicated in hours (24, 48,DNA repair (Wang et al., 1997). PARP cleavage takes
place in 3Cpro-expressing cells from the second day
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caspases are activated by 3Cpro expression.
Cleavage of translation initiation factor eIF4G takes
lace in poliovirus-infected cells executed by the polio-
irus protease 2Apro (Feduchi et al., 1995). Recently, the
suggestion that eIF4G cleavage occurs in apoptotic cells
has been advanced (Morley et al., 1998; Marissen and
Lloyd, 1998). Therefore, cleavage of eIF4G-1 was tested
in 3C7-On cells (Fig. 5B). Our findings indicate that
3C7-On cells undergoing apoptosis contain intact
eIF4G-1. As a control a cell clone that expresses polio-
virus 2Apro shows extensive cleavage of eIF4G-1 upon
2Apro induction, in a way similar to what occurs in polio-
virus-infected HeLa cells (Fig. 5B).
FIG. 2. Ultrastructural alterations of HeLa cells expressing poliovirus
tet removal. Cells were harvested at different times postinduction and pr
1995). Electron microscopy of uninduced (Off) or induced (On) 3C7 cells
to apoptotic bodies.The recent development of potent inhibitors for several
caspase members has contributed to our knowledge of
h
Ythe sequence of events that occurs during cell suicide
(Nicholson and Thornberry, 1997; Villa et al., 1997). Thus,
compounds with the general structure peptide-CO-CH2-X
(where X is a halide ion) that contain a peptide-recogni-
tion element similar to that found in caspase substrates
have been particularly effective in blocking apoptosis
(Villa et al., 1997). To establish the causal role of
caspases in 3Cpro-induced apoptosis, we examined the
ffects of different caspase inhibitors, namely YVAD-cmk
hat blocks the activity of ICE-protease, DEVD-fmk that
nterferes with CPP32 protease, and z-VAD-fmk that
locks CPP32 and may also inhibit the activity of other
CE-family proteases (Villa et al., 1997). A very limited
reventive effect was observed with DEVD-fmk when
The cell clone 3C7 was induced to express the poliovirus protease by
d for electron microscopic analysis as described (Barco and Carrasco,
mes postinduction are indicated in hours. 3C On 72, arrowheads point3Cpro.
ocesseigh concentrations (up to 100 mM) were used, while
VAD-cmk had no effect at all (results not shown). Nota-
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356 BARCO, FEDUCHI, AND CARRASCObly, z-VAD-fmk efficiently blocked the apoptotic death
induced by poliovirus 3Cpro (Fig. 6C). 3C7-On cells sur-
vive for at least 3 days in the presence of z-VAD-fmk.
FIG. 3. Flow cytometric analysis of 3Cpro-expressing HeLa cells. 3C7
cells were induced by tet removal to synthesize the protease. Then, cell
distribution in the different stages of the cell cycle was determined at
the times postinduction indicated. Cells were stained with propidium
iodide and analyzed by flow cytofluorometry, as described under Ma-
terials and Methods. The percentages of cells in phase sub-G1, G1/G0,
and S/G2 are shown. Two different stages are found at the sub-G1
state: apoptotic cells which form a peak near to G1/G0 cells, but with
a lower DNA content, and necrotic cells with very low DNA content
closer to the left axis. Ap, apoptosis; G1, phase G1/G0; G2, phase G2.
FIG. 4. Poliovirus 3Cpro induces internucleosomal and nuclear fragm
rocessed to analyze DNA fragmentation. The extracted DNA was s
ethods. (B) Detection of DNA strand breaks in 3C7-On cells by the T
ere used as a positive control of apoptosis (ActD). 3C7 cells at different tim
API staining.Unfortunately, z-VAD-fmk has cytotoxic effects after pro-
longed incubation. These findings suggest that cell
death in 3Cpro-expressing cells is a consequence of ap-
ptosis activation and is mediated by cellular caspases.
DISCUSSION
A variety of animal viruses influence apoptosis upon
nfection (Teodoro and Branton, 1997; O’Brien, 1998).
uch of the effort to elucidate the viral gene products
hat induce or suppress apoptosis has concentrated on
NA viruses and retroviruses (Teodoro and Branton,
997; Gougeon and Montagnier, 1993; Ikeda et al., 1998).
he list of known RNA viruses that induce apoptosis, in
oth cell culture and living organisms, is growing (Te-
doro and Branton, 1997). However, little is known about
articular genes from RNA viruses that trigger apoptosis
nd the mode of action of the corresponding gene prod-
cts (Teodoro and Branton, 1997; Sua´rez et al., 1996).
vidence that poliovirus encodes separate functions that
nduce or suppress apoptosis in infected cells led to the
roposal that poliovirus interferes with the balance of
ellular apoptosis (Tolskaya et al., 1995). In fact, two
ypes of cell death have been proposed to occur in
oliovirus-infected cells (Agol et al., 1998).
The poliovirus antiapoptotic function prevails during a
ytic cycle, requiring virus protein synthesis. This function
s invalidated under nonpermissive conditions, when the
alance is driven toward apoptosis probably by the po-
. (A) 3C7 cells at different times postinduction indicated in days were
d by agarose gel electrophoresis as indicated under Materials and
ssay. HeLa Tet-Off cells treated for 12 h with actinomycin D (2 mg/ml)entation
eparate
UNEL aes postinduction (indicated in hours) were processed for TUNEL and
cleaved products, HeLa cells (H) or poliovirus-infected HeLa cells (P)
were used.
t
(C) Inhibitory effect of z-VAD-fmk (VAD) on 3Cpro-induced apoptosis. Cells were
with 20 mM z-VAD-fmk. (2) Untreated cells.
357POLIOVIRUS 3C INDUCES APOPTOSISliovirus-encoded 3Cpro activity (Tolskaya et al., 1995).
Thus far, the identity of the potential gene product in-
volved in the poliovirus antiapoptotic function has re-
mained uncertain (Tolskaya et al., 1995). Of interest in
this respect is the recent finding that protein L* from
Theiler’s virus, another picornavirus, has antiapoptotic
activity (Ghadge et al., 1998). Some strains of Theiler’s
virus (TO subgroup) produce a demyelinating disease in
the central nervous system, while others cause an acute
fatal neuronal disease. In both cases cell death by Thei-
ler’s virus involves apoptosis (Jelachich and Lipton, 1996;
Tsunoda et al., 1997). TO subgroup strains use an alter-
native AUG codon to synthesize L* protein, which is out
of frame with the polyprotein (Ghadge et al., 1998). The
antiapoptotic L* activity favors the establishment of per-
sistence in the CNS followed by demyelination. In the
case of poliovirus no homologous L* protein is known.
Nevertheless, since the apoptosis-preventing activity re-
quires efficient expression of the virus genome, it could
be speculated that necrotic cell death is imposed during
a lytic cycle.
It has been proposed that 2Apro is the poliovirus gene
product responsible for inducing apoptosis (Tolskaya et
al., 1995; Morley et al., 1998; Marissen and Lloyd, 1998).
According to this idea, apoptosis would be induced as a
consequence of 2Apro cleavage of eIF4G and the shut-off
of host protein synthesis. Our present results identify
. Quantitative analysis of 3Cpro-induced apoptosis was carried out using
rials and Methods. The ordenate axis represents arbitrary units. (A)
ted to test apoptosis at the times postinduction indicated in hours. (B)
were used as controls for apoptotic and for normal cells, respectively.FIG. 5. Levels of poly(ADP-ribose) polymerase and eIF4G-1 in
3C7-On cells. (A) Western blot analysis of poly(ADP-ribose) polymerase
(PARP) in 3C7 cells. Cells harvested at different times postinduction
(indicated in hours) were treated and analyzed by SDS–PAGE and
Western blotting as indicated under Materials and Methods. The larger
cleavage product of PARP is apparent from 48 h postinduction. (B)
Cleavage of eIF4G-1 was assayed by Western blotting at different times
after induction in 3C7 cells (3C) and in a 2Apro-expressing clone isolated
and induced in a way similar to the 3C clone. A rabbit polyclonal
antibody against human eIF4G-1 was used. The assay was performed
as described (Feduchi et al., 1995). As controls for intact eIF4G-1 or itsFIG. 6. Effects of caspase inhibitors on apoptosis induced by poliovirus 3Cpro
he Cell Death Detection ELISAPlus kit (Boehringer) as indicated under Mate
Kinetics of apoptosis induction. 3C7-Off (Off) or 3C7-On (On) cells were harves
3C7-Off HeLa cells treated (1) or not (2) for 12 h with actinomycin D (2 mg/ml)analyzed 66 h postinduction and treated for 20 h (20) or for 65 h (65)
gd
g
a
c
o
(
a
A
a
p
a
c
s
b
G
d
p
p
c
p
c
f
c
(
G
e
w
w
(
a
b
s
w
w
358 BARCO, FEDUCHI, AND CARRASCO3Cpro as another poliovirus protein responsible for trig-
ering apoptosis. 3Cpro is detected in 3C7 cells 1 day
postinduction, but TUNEL-positive cells increase rather
slowly such that degradation of DNA in 3C7-On cells is
clearly visible only after 2–3 days postinduction. Thus, it
is possible that 3Cpro expression induces apoptosis in-
irectly by activation of an endogenous cell suicide pro-
ram, which may serve as a host defense mechanism
gainst viral proliferation. The recent finding that
aspase 3 is activated after coxsackievirus B3 infection
f HeLa cells agrees well with our present results
Carthy et al., 1998). As with poliovirus 3Cpro, activation of
poptosis by coxsackievirus B3 is blocked by z-VAD-fmk.
lthough the coxsackievirus protein responsible for this
ctivation has not been identified yet, our present results
oint to the possibility that it is 3Cpro. Elucidation of the
exact molecular mechanism used by 3Cpro to provoke
poptosis must take into account that this protease
leaves a variety of host proteins, such as different tran-
cription factors (Clark et al., 1991, 1993; Yalamanchili et
al., 1996) and the cytoskeletal protein MAP4 (Joachims et
al., 1995). Cleavage of these proteins, or still other un-
identified cellular substrates, could trigger the apoptotic
process in 3C7 cells. The 3C7 clone described in this
work will be useful for obtaining further insights into the
process of apoptosis in poliovirus-infected cells, since it
is provoked in a regulatable manner by a single gene
product in the whole cell population and in the absence
of additional viral products.
The relevance of poliovirus-induced apoptosis for hu-
man disease has not been investigated yet. Certainly, a
number of diseases, including some of viral origin, may
be mediated by programmed cell death (Rudin and
Thompson, 1997). Poliovirus causes paralytic poliomyeli-
tis and postpolio syndrome (PPS), a neuromuscular pa-
thology that appears in many survivors of the acute
disease (Blondel et al., 1998). Although poliovirus is a
lytic virus in permissive cell cultures, several persistently
infected cell lines have been established (Carp, 1981;
Borzakian et al., 1992; Lloyd and Bovee, 1993; Pavio et al.,
1996). The three poliovirus serotypes were capable of
establishing a persistent infection in cultured cells of
neuronal origin (Colbe`re-Garapin et al., 1989). Although
the link between poliovirus persistence and the PPS
remains controversial, many results suggest that polio-
virus persistently infects the central nervous system
(CNS) of PPS patients (Blondel et al., 1998; Gromeier and
Wimmer, 1998). Recently, it has been found that poliovi-
rus infection of brain cells in mice is associated with
apoptosis induction (Girard et al., 1999) as occurs for
Sindbis virus (Lewis et al., 1996). The putative role of
3Cpro in this process should also be investigated. 3Cpro-
induced apoptosis could represent an efficient mecha-
nism to spread poliovirus into the CNS of PPS patients,
evading host immune inflammatory responses and pro-
tecting progeny viruses from host antibodies. The devel-
m
wopment of effective inhibitors targeted to 3Cpro may be of
enefit for patients suffering from PPS.
MATERIALS AND METHODS
eneral recombinant DNA protocols
Construction of vectors was carried out following stan-
ard procedures (Sambrook et al., 1989). To construct
TRE.3C the EcoRI/BamHI fragment from digestion of
GBT.3C was used (Ventoso et al., 1999). This fragment
ontains the poliovirus 3Cpro sequence and has been
reviously sequenced. These restriction fragments were
loned in pTRE digested with the same enzymes. Trans-
ection of plasmid pT7.2C3AB and expression using re-
ombinant vaccinia virus vT7 have been described
Lama et al., 1992; Aldabe and Carrasco, 1995).
eneration of stably transformed HeLa cell clones
A HeLa-derived cell line, known as HeLa Tet-Off, that
xpresses the chimeric tTA (Gossen and Bujard, 1992)
as purchased from Clontech (Cat. No. C3005-1). Cells
ere cultured in Dulbecco’s modified Eagle’s medium
DMEM) supplemented with 10% newborn calf serum
nd 100 mg/ml G418 (Geneticin; GIBCO BRL, Gaithers-
urg, MD).
For stable transfection, 106 HeLa Tet-Off cells were
transfected with 5 mg pTRE.3C mixed with 0.25 mg pTK-
Hyg encoding the hygromycin B resistance gene and
with 10 mg lipofectin (GIBCO BRL). After 8 h treatment
with lipofectin, plasmids and lipofectin were removed
and cells were grown in DMEM supplemented with 10%
newborn calf serum for 1 day before initiating selection
with hygromycin B. Positive clones were selected with
200 mg/ml hygromycin B and 2 mg/ml tet following the
protocol suggested by Clontech. Hygromycin-resistant
clones were screened for poliovirus protease expression
using SDS–PAGE and Western blot analysis, as de-
scribed (Barco and Carrasco, 1995). The a-3C antibody
has been described previously (Barco et al., 1997). A
concentration of 2 mg/ml tet was present during clone
election, but this concentration was reduced to 0.02
mg/ml tet for subsequent experiments. This lower tet
concentration allows a much more rapid induction of this
gene, without increasing its basal expression levels. Cell
lines transfected only with vectors pTRE and pTK-Hyg
were also isolated in parallel to be used as controls. A
cell clone that inducibly expresses poliovirus 2Apro was
isolated in a similar way and was used as a control to
show that eIF4G cleavage can occur in this system.
To induce the expression of 3Cpro, cells grown in 24-
ell dishes were washed five times over a period of 1 h
ith DMEM. Finally, cells were placed in DMEM supple-
ented with 2% fetal calf serum with (uninduced) or
ithout (induced) 0.02 mg/ml tet.
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359POLIOVIRUS 3C INDUCES APOPTOSISFlow cytometry, cell death assays, and microscopic
techniques
Electron microscopy was carried out following the
protocol described (Barco and Carrasco, 1995). For flow
cytometric analysis, cells were fixed, stained, and pro-
cessed with the Coulter DNA-Prep Reagent Kit (Coulter,
Miami, FL) as described by the manufacturer. Fluores-
cence of propidium iodide-stained DNA was quantitated
with an EPICS-XL flow cytofluorometer (Coulter). DNA
isolation and analysis by gel electrophoresis were car-
ried out as described (Takizawa et al., 1993). For analysis
of apoptosis the ApoAlert DNA Fragmentation Assay kit
(Clontech) and the Cell Death Detection ELISAPlus kit
(Boehringer) were employed as described by the manu-
facturers. The protease inhibitors DEVD-fmk, YVAD-cmk,
and z-VAD-fmk were purchased from Clontech.
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